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RESEARCH MEMORANDUM

RAM-RECOVERY CHARACTERISTICS OF NACA SUBMERGED
INIETS AT HIGHE SUBSONIC SFEEDS

By Charles F. Hall and Joseph I. Frank

SUMMARY

Results sre presented of an experlmentel investlgation of the
rem-recovery characteristics of NACA submerged Iinlets on a model of
a Pighter alrplasne at Mach numbers from 0.30 to 0.875. The effects
on the entrance ram-recovery ratio of Mach nuwber, angle of attack,
entrance mass flow, boundery—layer thickness on the fuselags, Inlet
location, and boundary—lsyer deflectors are shown.

The data indicate only a elight decrease In ram-recovery ratlo
for the inlets ghead of or Just behind the wing leading edge as Mach
number increased, but show large decreases at high Mach numbers for
the inlets aft of the point of maximum thickness of the wing. In
general, the ram—recovery ratio decreased with Incressing sngle of
attack. The rem-recovery ratio was a meximum at mass—Flow ratlos
between 0.60 and 0.80. Artificially increasing the boundary—layer
thickness or moving the Inlets aft decreased the ram-recovery ratio.
Boundsry-—-layer deflectors lncreassed the maximum ram-recovery ratio
end the mess—flow ratio st which the maximum occurred.

IRTRODUCTION

A research program was conducted in the Ames 16-foot high-speed
wind tunnel which, in conjunctlon with work in an Ames T-~ by 10—foot
wind tumnel, continued the investigation of NACA submerged Inlets
developed during the tests discussed In references 1 and 2, Attention
was concentrated on the inlet design found to have the most satlsfac—
tory pressure-recovery characterlstics durlng the tests of reference 1.
The effects of the following psrameters on the pressure recovery at
the inlets were Investigated:
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l. Aerodynamic paremeters
(2) Mach number
(v) Angle of attack
(c) Mass—flow ratic
() Boundary—layer thickness
2. Model parameters
(a) Inlet location with respect to wing and Ffuselsge
(b) Inlet lip angle
(¢) Boundary-layer deflectors
Data obtalned during the present investigatlon of the model
without inlets and with inlets 16.7 percent of the root chord shead
of the wing-root leading edge only were presented extensively in
reference 3. To expedite the publication of the pressure-recovery
characteristics for the Inlets in other configurations, the present
report was prepared.

SYMBOIS

The symbols used in this report asnd their definitions are as
follows:

a inlet depth, inches

H average total pressure, pounds per square foot

Hy—pg )

— ram-recovery ratio

Ho—ro

h the height of an area of unit width in which the complete
loss of free—stream ram pressure 1s equivalent to the
integrated loss of the total pressure in unit width of
the boundary layer [ (HO‘H> ], inches

M Mech npumber
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E% mass—flow ratlo (the ratio of the mass £low through the
inlet to the mass flow in the free sftream through an area
equal to the entrance ares)

P statlic pressure, pounds per square foot

y increment of boundary-layer thlckness, ilnches

oy angle of attack uncorrected for tumnel-well effects
(measured relative to the fuselage reference line), degrees

& boundary-layer thickness, Inches

Subscripts

o free stream

h duct entrance

APPARATUS

A complete descriptlon of the model was glven in reference 3.
Briefly, the model (shown in figs. 1 and 2) was patterned to represent
a typical high-speed fighter glrplane. Throughout the tests, a pair
of identicel inlets was used. They were dlsposed symmetrically on
each slde of the fuselage and connected to a common plenum chamber in
the aft part of the fuselage. The fowr longltudinal Inlet locatlons
investigated (fig. 2) were at fuselsge stations 34.25, 42.50, 50.75,
and 59.00 and corresponded, respectively, to 16.7 percent of the
root chord szhesd of, and 8.3, 33.3, and 58.3 percent of the root
chord behind the wing-root leading edge. Dimensions of the ramp,
1ip, and boundary-lsyer deflectors are shown in figure 3.

To determine the effect of boundary—layer thickness, the
boundary layer slong the fuselage surface was artificlally increased
from the natural thickness to medlum and thick by roughening the
fuselage 5 inches from the nose by means of small nails proJecting
from the surface. The boundary—layer thickness was measured with
three small rakes, each consisting of 10 total-pressure tubes.

Preséure losses gnd flow rstes at the-intake were measured with

a reke 2,1 Inches behind the 1lip leadlng edge. The rske conmsisted
of 30 total-pressure and 30 static-pressure tubes.

——
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TESTS

During the tests the Mach number was varied from 0.30 to 0.875
and the Reynolds numbers per foot of length corresponding to these
Mach numbers were 2.0 X 106 and 3.9 X 108, respectively. The prin-
cipal angle—of—attack range of the tests was from —2° to 6°., At
high Mach pumbers, the strength of the model limited the maximum
angle of attack to 1° at 0,875 Mach number. For some configurations,
data were obtained from —3° to 12° angle of attack at low Mach
numberd. The mass—flow ratlo was varled from as low as zeroc to as
high es 1.80, depending upon the effects of flow instability and
Mach number. Wlth the lowest total mass—flow rate of both inlets,
the effect of flow 1lnstability was to force most of the elr through
one or the other of the inlets. Because most of the flow consist-
ently entered the inlet in which the measurements were taken, for
some angles of attack, data for low mass—flow ratics were not
obtained, The highest mass—flow ratlo depended upon the Mach number.
At a Mach number of 0.875, a mass—flow ratio above approximately
0.90 could not be obtalned, probably because of choking in the duct.

The boundary-layer thicknesa on the fuselage surface was
meesured without the Inlets. Measurements were made simltaneously
at three vertical locations (water lines O and +3.2) and separately
at fuselage stations 20,0, 42.5, and 59.0. The effects of boundary—
layer thickness were lnvestlgated only for the forward location of
the inlets.

During the major portion of the investigation, the inlet 1lip
angle (fig. 3) was —3°., With the inlets at the two forward loca—
tions, tests were also made with inlet 1ip angles of —1° and —5°.

The effects of boundary-—leyer deflectors were Inveatigated for
all inlet locatlons.,

RESULTS AND DISCUSSION
Reduction of Dats

Dats corrections.~ The Mach number calibration for the tests
was derived from a survey of the wind tunnel without the model in
place and corrected for constrictlon effects due to the presence of
the model by the methods of reference 4, No other corrections were
made to the data for tunnel-wall effects, Because of these effectis,
-the uncorrected angle of ‘attack of the model is approximately
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10 percent emaller tham 1t would be In free alr for the same 1lift on
the wing. .

Total pressure and mass flow.— To expedlte the publication of
this report, bthe ram-recovery and msge—flow ratios have been computed
from the average of the 30 total-pressure and 30 static-pressure
readings rather than the more correct but time—consuming method used
in reference 3. A compsrison of the results from the two methods
was made with the data from the inlets at station 34.25 with
deflectors on the ramp and the differences are shown in figure k.

To indicate the possibility of adding these differences to correct
the data of this report to agree with those which might be computed
by the more correct method, calculations were msde at random for
data from tests of the inlets with deflectors on the ramps at the
three other locstions. The method using aversge~pressure values and
the curves of figure I gave ram-recovery ratios which were In good
agreement with the more exasct method for mass—flow ratlos sbove
approximastely 0,60 but which averasged approximately 0.02 lower at
low mass-—flow ratios,

Ram-Recovery Rstlo

The ram-recovery data have been arranged to show first the
effects of mass—flow ratio (fig. 5). Figure 6 presents values of
the boundary—lsyer parameter on the fuselasge and figwres T to G show
the ‘effects of boundary-—layer thickness, Mach number, angle of attack,
inlet posltion, and boundery-layer deflectors on the ram-recovery
ratlo., Last, the original data from which the compsrison plots were
taken are shown in figures 10 to 18 as supplementary material with
no formal discussion.

Effect of 1ip E_g_].e.— It was previously mentioned that the
effecTs of Lip e were Investigated during these tests., The dats

Indicate no change I1n ram-recovery ratio for the range of 1lip angles.
tested. Thils result may be due to the fact that, with the rake st
the entrance, 1t was impossible to obtalin mass—Fflow ratios suffi-
clently large to exceed the criltical Mach number of the inner
surface of the lip at arngles from —1° to —5°. Conditions under
which 1ip angle might hgve a large effect on the ram-recovery ratio
were not obtalned, therefore. Because no effect of 1lp angle was
evident in these tests, date in thls report asre presented for a 1lip

angle of -3° only.
_ E;fect. of megg~flow rgtlo.— 'In general, the effect of masss-flow
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ratio on ram-recovery ratioc was the same for all inlet positlioms.
In figure 5 1t is indicated that the effect of mass—flow ratic on
ram-recovery ratio was large for the 1lnlets at fuselage station
34.25, Inoresses in ram—recovery ratic of as much as 0.16 were
obtained by increasing the mass-flow ratlo from 0.40 to 0.60. Above
0.60 mese—flow ratio, the incresse in ram-recovery ratio was, in
genoral, smsll and a maximum value was usually reached between 0.60
and 0.80 mass-flow ratio. This latter fact indicates that these
submerged inlets should be designed to operate near 0.60 mass—flow
raetlo, because the small increase in ram-recovery ratio with
incressing mess—flow ratio above 0.60 would probably be offmet by
the Incressing duct and diffuser lossed.

The smsall quantity of data obtalned at mass-flow ratios below
0.40 showed that the veristion of ram-recovery ratioc with msss-flow
ratio was lsrger than that measured for higher mass—flow ratios.
The data obtained at these low mase-flow ratios are belleved to be
somewhat questionable, however, due to the instebility of flow which
wag observed during these tests, and also because those data for
mass—Llow ratios near zero indicate that the static pressure 1n the
diffuser was as much as 10 percent of the free-~stresm ram pressure
higher than the total pressure measured at the entrance.

Effect of boundary—layer thickness.— The boundary-layer
parameter shown in figure 6 was selected to indicate concimely the
boundary-layer thickness on the fuselage. The date show that, for
the natural boundery layer, the parameter Iincreased greatly on the
forwerd pert of the fuselage as the Mach number increased., This
effect 1s attributed to the increase In Reynolds number essoclated
with the Mach number increase, which probsbly caused a forwerd
movement of the tramsition point. As the transition point for the
modium and thick boundary layers was fixed at fuselsage station 5.00
by the roughness, 1little or no incresse in the boundary-layer
perameter was noted as the Mach number Iincressed. Between fuselage
stations 20 and 4O, the parameter for the medium and thick boundary
layers decreased wlth lncreasing angle of attack. This character—
istic 1s belileved to be dus to the mammer in which the boundsary-
layer thickness was artilficielly Incressed. The incresse in the
flow inclingtlion along the fuselage due to the increase in angle of
attack -of the fuselage and upwash ashead of the wing would tend to
sweep the alr coming in contact with the protruding nalile above the
rekes messurlng the boundary-layer thickmess. The boundary-layer
parameter for the medlum and thick boundary layers would therefore
tend to conform to that of the natural boundary layer slong the
fuselage in the vicinlty of the wing =2s the angle of attack Increased.

<N



NACA RM No. ASI29 . 7

The effect of boundary-layer thicknese on ram-recovery ratic is
shown in figure 7 for the inlets at fuselage station 34.25. The
effects of boundary—layer thicknmess remained essentislly constant
at a glven angle of attack and Mach number throughout the range of
mass—flow ratios, The dsta are compared, therefore, at 0.70 mass-
Tlow ratio only.

The data indicate that thickening the houndary layer reduced
the ram-recovery ratio throughout the Mach nunmber and angle—of—sattack
range of the tests. A general statement of the effect of Mach number
on the ram-recovery ratio with the medium or thick boumdary layers
cennot be made because the effect is not comsistent throughout the
angle—of-ettack renge. For example, with the thick boundary layer
the ram-recovery ratio increased slightly wlth Mach number for 0°
and 2° angle of attack but decreased at —2° snd 6° angle of attack.
With the natural boundary layer, the ram-recovery ratlio in general
decreased with Mach number throughout the angle—of-aettack range.

Effect of inlet position and Mech number.- The comparison of
the ram-recovery ratlo for mass—flow ratios of 0.60 and 0.80 for
each inlet position (fig. 8) shows that throughout the Msch number
and angle-of-attack ranges of the tests the highest ram-recovery
ratios were obtelned with the inlets in the forwserd locstlon. This
charscteristic wae expected because of the thinner boundery layer
on the fuselage surface at this location. The variastion of ram—
recovery ratio as Mach number increased was smsllest for the inlets
in the forward location, being less than 0,02 within the range of
data presented.

The ram~recovery ratio for the inlets in the second position
(station 42.,50) compered satiefsctorily with that of the forward
location, being within 0,03 at 0.30 Mach number. The decresse In
ram-recovery ratic as Mach number increased was slightly greater
for the inlete in the second location than in the forward location,
resulting in the recovery ratlo being ss mich =8 0.05 less for the
second location at high Mach numbers., It should be reallzed,
however, that with a fixed engine location the shorter ducting
system from the inlets to the compressor face for the second inlet
location might result in en increase in the efficlency of the
ducting sufficiently large to offset the higher entrance losses,

At 0.30 Mach number, the ram-recovery ratie for the inlets in
the two eft locetions was within 0.07 of that for the forward loca—
tion in the angle—of—attack range of —2° to 6°. Except for the
inlets at station 50.75 from —2° to 0° sangle of atteck, however,
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the ram-recovery ratio of the Inlets in the two aft locations was
poor at high Mach numbers. With the inlets in the aft location,

a ram-recovery ratio of only 0.60 was obtalned at a Mach number of
0.80 and 2° angle of attack.

The decrease in ram-recovery ratic as Mach number increased
could be due to an increase in the boundery-—layer thickneas; separa—
tion; or to shock waves along the fuselage, in the wing—fuselage
Juncture, or on the ramps. In referenee™3 1t was Indicated that sep—
aration ocourred. at approximately fuselage station 50 at 0.30 Mach

number end 12,5° angle of attack and moved aft to fuselage stetion
60 at 1° angle of attack as Mach number increased to 0.875. At low
Mach numbers, the separatlion was caused by poor flow in the wing-
fuselage Juncture at high angles of attack. At high Mach numberse
the separation was due to the large increase in the boundary-layer
thickness caused by the shock wave at the wing-fuselage Juncture.
With the inlets in the two forward locations, the decrsase in ram-
recovery ratlo as Mach number increased 1s helieved to be Que
primarily to the thickening boundary layer caused by a forward
movement of the transltion point with increasing Reynolds number.
This effect was indicated 1n the section dlscussing the effects of
boundary-layer thickness and also by the fact that the decrease of
ram-recovery ratioc as Mach number increased was falrly steady
throughout the Msch number renge. Reference 3 showed thaet critical
speeds along the ramp were barely exceeded at 0.875 Mach number with
the inlets 1n the forward location, thus indicaling that shock waves
on the fuselege or the ramp were not the cause of the decreese of
ram-recovery ratio. Reference 3 also indicated that 1t was unlikely
that oritical speeds would be reached on the ramps of the inlets atbt
station 42.50 because the speeds in that region without inlets were
below those in the reglon of station 34.25.

With the inlets in the two aft locations, much of the pressure
loss can be attributed to the influence of the bourndary layer. For
example, when the boundary layer becams thick asnd separated from
the surface, pressure losses greater than free—stream rem pressure
were obtained at subcritical speeds with the inlets In the aft loca—
tion. (Bee fig. 18 for results at 12° angle of attack and s Mach
number of 0,60 for which conditions reference 3 indicated sub—
critical speeds and a thick, poseibly seperated, boundsry layer on
the fuselage surface without inlets.) For conditions having a
gimilar boundary-layer growth at supercritical speeds, 1t 1s
believed that large losses also would be caused primarily by the
thick boundary layer. (See figs. 6 and 8 for results at the highest
angles of attack at Mach numbers of 0.70 and 0.80.) When the
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boundary layer on the fuselsge did not thicken, as indicsted by the
boundery—layer data obtained without inlets (fig. 6), some of the
losses might be attributed to boundary—layer and shock-wave Inter—
action on the remp. For example, in figure 8 the results show that
the increase in losses with angle of attack at high Mach numbers was
larger at 0.60 then 0.80 mass—flow ratio. This characteristic was
probably due to the interaction of the shock wave and the thicker
boundary layer on the ramp caused by the more adverse pressure gra~
dient st 0.60 mass—Fflow ratio because the shock waves on the ramp
were probebly weaker at 0.60 mass—Fflow ratio. Reference 3 showed
that along the ramps of the inlets in the forward locatlon the
increase 1n static pressure from the point of minimm pressure to
the inlets was larger end the maximum airspeeds were lower at 0.60
then 0.80 mass—flow ratio. The effect of the boundery layer in the
presence of shock waves would be less severe with a thinmer boundary
layer at the beglmming of the ramp. This effect, together with the
Paot that for some condltions the losses are caused primsrlly by the
extremely thick boundary layer, suggests thet the characteristics of
submerged Inlets in regions of airspeeds as high as those obtalned in
the aft locgtion would be much better in the sbsence of the thick
boundery layer.

Effect of angle of attack.— The effect of angle of attack on
the rem-—recovery ratio alsoc 1s shown in figure 8 for the four inlet
locatlions. The data 1ndicate that throughout the Masch number range
at both 0.60 and 0.80 mass-flow ratio, the rem-recovery ratio
decreesed with increasing sngle of attack. This decrease was prob—
gbly caused by the increase 1n the boundary—layer parsmeter wlth
angle of attack, as generally indlicated 1n figure 6. Also for inlets
in the two aft locations, this effect would be combined with that of
the greaster shock-wave Intenslity caused by the increase in alrspeed
along the fuselage induced by the wing at high Mach numbers.

Effect of deflectors.— The effect of deflectors on the ram—
recovery ratio was essentially constant throughout the Mach number
raenge. A comparison of the datas obtained with and without deflectors
at each of the four locatlons is shown, therefore, only for 0.70 Mach
number in figure 9. The apparent extrapolation of some of the dats
Por the inlets with deflectors at low mass—flow ragtlios 1s due to the
fact that some of the end points for such data were beyond the limits
of the plots of figure 9. Such curves were traced from the more
complete curves of figures 15 to 18, _ .

The data of flgure 9 show that the effect of the deflectors was
to increase the meximum ram-recovery ratlo for all inlet locetions.
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The mass-flow ratlo at which the maximum ram-recovery ratlo was
obtained increased as much as 0.30 with deflectors on the ramps. The
effects of this latter characteristic are twofold. To take advantage
. of the higher marimm recovery ratios, characteristic of the inlets
with deflectors, they must be operated at mass—flow ratios higher
than required by the inlets without deflectors. The higher mass—flow
ratios will incresse the internal duot losses due to both the higher
speeds in the duct and the higher rate of diffusion necessary to
reduce the speed of the alr te that reguired by the engine. The
larger internal duct losses will therefore reduce part of the galn 1n
. ram-recovery ratic at the entrance due to the deflectors. On the
other hand, because of the higher inlet velocities 1t would be possible
to use a smsller Iinlet 1f deflectors were on the ramp, The increment
of extermel drag attributed to the deflectors on the ramps would
therefore be smsller than was indlcated in reference 5 in which the
inlets with and without deflectors were the same size. Reference 5
showed that the drag of deflectors like those used during the present
investigation was large, but could be reduced somewhat by reshaping
the aft part. It is believed, however, that the drag of even the
better—shaped deflectors is too large to be compensated for by the
increase in thrust possible with the higher ram—pressure recoverles,

The data of figure 9 alsc show that the deflectors reduced the
effect of angle of attack on the ram-recovery ratlio for the inlets In
the two forward locations, but had little or no such effect for the
inleta 1n the two aft locatlions. In the range of mase—flow ratios
from roughly 0.40 to 0,70, the deflectors reduced the ream-recovery
ratioe.

CONCIUSIONS

A wind-tunnel investigation up to 0.875 Mach number of NACA
submerged inlets on a model of a fighter sirplane to determine the
ram-recovery characteristics at the entrance indicated the followilng:

1. The ram-recovery ratlo for the inlets in the forward loca—
tions (16.7 percent of the root chord shead and 8.3 percent of the
root chord aft of the wing-root leading edge) varied only slightly as
Mach number increased. For the two aft locations (33.3 and 58.3
percent of the root chord aft of the wing-root leading edge) large
decreases in ramarecoverg ratio occurred at high Mach numbers and
angles of attack above 2.

2. The highest ram-recovery ratios were cbtalned with the
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inlets In the forward location.

3. Increasing the boundary-lasyer thickness decressed the ram—
recovery ratio,

4, In general, the ram-recovery ratio decreased with increasing
angle of attack.

5. With no deflectors on the ramp the ram-recovery ratlo
increased greatly as mass—flow ratio lncreased to approximately 0.60,
reached & maximum between 0.60 and 0.80 mass~flow ratio, end slowly
decreased for greater flow rates.

6. The boundary-layer deflectors increased the maximum ram-—
recovery ratlo and the mass—flow ratio at which 1t occurred. They
reduced the ram-recovery ratio between approximately 0.40 and 0.T0
mass—flow ratioc and also reduced the change in ram-recovery ratio
with angle of attack for inlets in the two forward locations.

Ames Aeronautical Laboratory,
National Advisory Committee for Asronautilcs,
Moffett Field, Calif,
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(b) Inlet with deflectors at fuselsge station 42.50.
Figure l.— Submerged inlet model in 1l6~foot wind tunnel.
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(¢) Inlet without deflectors at fuselage station 50.75.
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